Ferroelectric materials possess spontaneous polarization that can be used for multiple applications. Owing to a long term development for reducing the sizes of devices, the preparation of ferroelectric materials and devices are entering nanometer-scale regime. Accordingly, to evaluate the ferroelectricity, there is a need to investigate the polarization charge at the nanoscale. Nonetheless, it has been generally accepted that the detection of polarization charges using a conventional conductive atomic force microscopy (CAFM) without a top electrode is not feasible because the nanometer-scale radius of an atomic force microscopy (AFM) tip yields a very low signal-to-noise ratio. However, the detection is unrelated to the radius of an AFM tip, and in fact, a matter of the switched area. In this work, we demonstrate the direct probing of the polarization charge at the nanoscale using the Positive-Up-Negative-Down method based on the conventional CAFM approach without additional corrections or circuits to reduce the parasitic capacitance. We successfully probed the polarization charge densities of 73.7 and 119.0 µC/cm 2 in ferroelectric nanocapacitors and thin films, respectively. The obtained results show the feasibility of the evaluation of the polarization charge at the nanoscale and provide a new guideline for evaluating the ferroelectricity at the nanoscale.
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Ferroelectric materials possess spontaneous polarization that can be applied to non-volatile memory devices owing to their electric-field induced switchable characteristics. [1] [2] In addition, ferroelectric materials can be further applied to various devices because of their unique physical properties such as their piezoelectric, [3] resistive switching, [4] multiferroic, [5] and photovoltaic [6] properties. A prerequisite for these practical applications of ferroelectric materials is an evaluation of the ferroelectricity. In general, the existence of the ferroelectricity has been macroscopically examined by measuring polarization charges based on the detection of the polarization switching current. [7] [8] [9] However, owing to an important long term development for reducing the sizes of the electronic devices, the preparation of ferroelectric materials such as nanostructures and thin films are entering nanometer scale regime and accordingly, it requires the investigation of the ferroelectricity at the nanoscale level. Even though piezoresponse force microscopy (PFM) has been used extensively to explore nanoscale ferroelectricity over the past two decades, [10] [11] [12] it was recently revealed that several non-ferroelectric effects, e.g., the electrostatic effect and electrochemical strain, can also contribute to the PFM response, which often leads to a misinterpretation of the measured PFM response. [13] [14] [15] In particular, it was reported that PFM hysteresis loops can be generated even in non-ferroelectric materials. [16] [17] Furthermore, new types of ferroelectric materials, e.g., HfO 2 -based materials, [18] [19] [20] have been recently studied by many different research groups and industries to gain a fundamental understanding as well as to investigate practical applications of new ferroelectrics. Considering the current situation, an alternative approach is necessary to examine the existence of the ferroelectricity at the nanoscale level.
In this study, we demonstrate the direct probing of a polarization charge at the nanoscale level using a combination of conventional conductive atomic force microscopy 4 (CAFM) and PFM. It has been generally accepted that the detection of polarization charge using a conventional CAFM set-up without a top electrode is not feasible because the nanometer-scale radius of an AFM tip leads to a very low signal-to-noise ratio. However, in ferroelectric materials, the detection of the polarization charge may not be related to the radius of an AFM tip, and it is instead an important issue related to the switched area. To prove this concept, we first choose ferroelectric BiFeO 3 (BFO) nanocapacitors with a radius of about 190 nm because they can generate relatively large switching currents owing to the relatively larger area of the top electrode compared to that of the AFM tip. We successfully obtained a remnant polarization charge density of 73.7 µC/cm 2 for the ferroelectric nanocapacitors by using the Positive-Up-Negative-Down (PUND) method [21] [22] [23] [24] [25] based on the conventional CAFM approach, which we refer to as AFM-PUND. Furthermore, by performing frequencydependent measurements, we confirmed that the measured switching current was the real switching current, and we also found that the switching current increases with the switched area, even beyond the top electrode area. Eventually, using the proposed AFM-PUND approach, we successfully probed the polarization charge directly, of which remnant density To demonstrate the feasibility of nanoscale probing of polarization charge based on the AFM, we chose ferroelectric BFO nanocapacitors as a first model system because the switched area is still on the submicron-scale range; however, it can be increased up to the top electrode area, which ranges from 0.09-0.12 µm 2 in this study. In other words, owing to the 5 relatively large switched area when compared to the contact area of the AFM tip, the probability of detecting the switching current can be much higher in this sample. Prior to measuring the polarization charge, we evaluated the ferroelectric properties and I-V characteristics of the prepared sample through a conventional AFM equipped with a function generator and a data acquisition (DAQ) system, as shown in Figure 1 (a). We applied the bipolar triangular waveform (Figure 1(e) ) to the sample using the conductive AFM tip, and we then simultaneously acquired the PFM response and current using the DAQ. [ 26] We observed multidomain structures mixed with up-and downward directions within the nanocapacitors in the PFM amplitude and phase images. As shown in Figures 1(f, g) , S1, S2, and S3, the ferroelectric switching characteristics were locally different, and were dependent on the as-prepared domain structures of the nanocapacitors. [26] [27] I-V characteristics were also locally varying, as shown in Figures 1(f, g ) and S4. Interestingly, in most of the I-V curves, we were able to clearly see current peaks, as shown in Figures 1(f, g ). It is believed that the observed current peak corresponds to the coercive voltage that can be deduced from the PFM hysteresis loops (see Figures 1(f, g) ). From a comparison of spatial images of the coercive ( Figure S3 ) and current peak voltages ( Figure S4 ), we confirmed that the current peak corresponds to the coercive voltage ( Figure S5 ), indicating that the current peaks in Figures   1 (f, g) can be regarded as switching current peaks. Ferroelectric switching current acquired by the AFM-PUND waveform and (j) corresponding P-E hysteresis loop. Prior to the AFM-PUND measurement, to clearly show and confine the switched area within one nanocapacitor, background poling was first performed by applying voltages of (e) 3.5 V and (f) -3.5 V, respectively, over an entire area, and then pre-poling was conducted by applying a unipolar triangular waveform with a minimum of (e) -3 V and a maximum of (f) 2.5 V, respectively, to the single nanocapacitor, as seen in Figures. (e) and (f).
However, note that because the aim of the background poling is to clearly observe the switched area in the PFM phase images, it is not necessarily required prior to the AFM-PUND measurement. The scale bar is 400 nm.
In order to investigate the polarization charge based on the observed switching current (Figures 1(f,g) ), we employed the PUND method. [24, 28] In conventional polarization-electric field (P-E) measurements using a Sawyer-Tower circuit, the contribution of non-switching currents cannot be fully eliminated during the polarization-charge measurement. However, with the PUND method, because non-switching contributions can be entirely eliminated, the polarization charge can be explicitly separated from the total measured current. Specifically, to separate the contribution of the switching current, a triangular unipolar waveform with the same polarity is consecutively applied two times on the sample (Figure 2(a) ). This procedure can be explained using the following equations [24] :
where I 1 and I 2 are the total measured current from the 1 st (positive (P) and negative (N)) and 2 nd (up (U) and down (D)) waveforms, respectively, and I S and I NS are current components that are induced by ferroelectric polarization switching and non-switching contributions, including dielectric and and leakage currents, respectively. [20, 24, 29, 30] When the 1 st P unipolar waveform is applied to the sample with upward polarization, it can induce downward polarization switching. In this step, the measured current includes both switching and nonswitching contributions, as shown in Eq. (1). In general, the polarization-switching charge appears as a current peak. In the 2 nd U unipolar waveform, the current of non-switching components are acquired because the polarization is already switched in the 1 st P step (see Figure 2 (b)). Therefore, by subtracting I 1 and I 2 , the contributions of the non-switching current are removed (see Figure 2 (c)). Then, the polarization switching charge can be readily calculated from the separated switching current using the equation below:
where Q and t are the respective charges and time of the applied voltage (in the present case, it corresponds to a single voltage step for 1 ms). Based on the above procedures, polarization charges can be obtained, and a corresponding P-E hysteresis loop can be constructed.
Based on the PUND method, the AFM-PUND sequence was performed as shown in While the background poling was performed over the entire measured area to enable a clear observation of the switched area, the pre-poling was performed solely in the target nanocapacitor.
After subtracting the current as described above, we were able to separate the switching current component, as shown in Figure 2 (i). In the switching current, a current peak was visible in each side of the applied voltage. To convert the current into a polarization charge, an evaluation of the actual switched area is necessary. In our case, because we performed pre-poling for the target nanocapacitor, the actual switched area may correspond to the top electrode area of the nanocapacitor. However, this fact was double-checked by PFM imaging before and after application of the PU and ND waveforms to the nanocapacitor. As obtained by the macroscopic P-E measurement. [31] [32] [33] Note that the investigation of the polarization charge as well as the P-E hysteresis loop were performed by conventional CAFM and PFM set-ups without additional corrections or circuits to reduce parasitic capacitance. [32, 34, 35] We further measured the frequency-dependent switching current to reconfirm that the current peaks in Figure 2 (i) originate from the polarization switching. If the AFM-PUND method is correctly performed, the ferroelectric switching current should increase with the increasing frequency of the waveform. [36] As expected, the switching current increases with increasing frequency, i.e., decreasing pulse width, as presented in Figures 3(a) and S7.
Furthermore, the switching current peak voltage, i.e., the coercive voltage, follows the frequency dependence as shown in the following equation [37] :
where V peak and f are the switching peak voltage and frequency of the waveform, respectively, and A and B are the exponent coefficient and offset, respectively. The fitting of the peak voltage using Eq. (4) in the ln(V peak ) versus ln(f) plot shows that the exponential coefficient 12 and offset are 0.12688 and 0.30327, respectively (inset of Figure 3(a) ). In the previous reports [36] , the value of the exponential coefficient in the ferroelectric material is around 0.05-0.23. This indicates that our results are in good agreement with the previous reports [38] [39] [40] [41] . In addition, even though the constructed P-E hysteresis loops show slightly different shapes, the remnant polarization values are within a similar range, i.e., around 70 µC/cm 2 for this target nanocapacitor. As a result, we confirm that the polarization charge can be investigated using conventional CAFM and PFM set-ups at the nanoscale level. -20 V, respectively, over an entire area, and then the pre-poling was conducted by applying a unipolar triangular waveform down to a minimum of (d) -20 V and up to a maximum of (e) +20 V, respectively, prior to the AFM-PUND measurement. The scale bar is 400 nm.
Finally, we investigated also the polarization charges in the ferroelectric PZT thin film using the AFM-PUND method. In the capacitor structures, the fully switched area is regarded as the top electrode area of the capacitor, indicating that the switched area is determined by the top electrode area. In a similar manner, the switched area for the thin film case can be primarily determined by the contact area of the AFM tip because the AFM tip acts as a top electrode. Because the minimum switched area is typically determined by the radius of the AFM tip, the use of an AFM tip with a relatively large radius can further increase the switched area. Note that the reason for which we were able to measure the polarization charge in the nanocapacitor is that the switched area is relatively large, enabling us to measure the switching current even if the nanocapacitor area is still within the submicron-scale range.
14 Thus, to physically increase the contact area and the corresponding minimum switched area, we used a blunted pure Pt tip with a radius of 60 nm ( Figure S8 ) for the AFM-PUND measurement in the thin film. Note that because the tip is a pure Pt tip and its shape is normal, we did not expect there to be any serious electrical contact issue.
Furthermore, there may be another issue in the AFM-PUND measurement. As similar for the nanocapacitors shown in Figures 2 and 3 , both background and pre-poling procedures were performed. In particular, we performed the pre-poling procedure in the PZT thin film although ferroelectric materials show a preferred direction. This is necessary to predetermine the back-switched area during the sequence of the P and N waveforms as well as avoid further switching during the sequence of the U and D waveforms. If there is no pre-poling procedure, the switched area will continuously increase under the repeated runs of the applied waveforms.
For instance, the switching current continues to be detected as we increase the number of applications of the U and D waveforms because the switched events keep happening (see the details in Figure S9 ). Thus, in order to limit the switched area of the PZT thin film, we performed the pre-poling procedure for the thin film with a preferred polarization direction.
Then, we applied PU and ND waveforms and measured the current at each target area using a pure Pt tip (see Figure S11 ). Before and after the application of the AFM-PUND waveforms, PFM images were obtained to evaluate the switched area during the pre-poling procedure and its back-switching to the background state during the PU and ND waveforms. As shown in ). This asymmetric current might be also relevant to the asymmetric junction properties of top (i.e., AFM tip) and bottom electrodes with the ferroelectric thin film.
Then, the question is whether the obtained switching current can be properly used to evaluate the polarization charge when the switched area is much larger than the area of the top electrode, i.e., the contact area of the AFM tip. In many cases, the switched area may be much larger than the contact area of the AFM tip, and it can be readily modulated by the environmental conditions, e.g., humidity [42] [43] and/or applied voltage conditions [44] [45] . As reported in an earlier report [44] and Figure S12 , the switched area, even in the capacitor structures, may be further extended toward the outside of the capacitor boundary under a relatively higher or longer voltage conditions. For such a case, if the actual switched area is obtained from the PFM image, the calculated polarization charge density is within the acceptable range (see the details in Figure S13 ). Therefore, although the switched area is much larger than the contact area of the AFM tip in the thin film, the polarization charge density calculated from the switching current is within the reasonable range. Considering the switched area of the ferroelectric thin film in Figure 4 , the polarization charge density was calculated to be around 120 µC/cm 2 . The average value for fifteen times measurements obtained through PU waveform is 119.0±8.3 µC/cm 2 for the positive bias branch, which is close to the previously reported values (albeit, slightly higher), [46] [47] as shown in Figures   4(d,e) . Because we obtained the switched area from the PFM phase images, this area value may be slightly underestimated. We note that the relative deviation compared to the average value for the ferroelectric thin film (7.0 %) is much lower than that for the ferroelectric nanocapacitor (15.1 %) because of the locally different switching properties in the BFO 16 nanocapacitors. The accurate calibration for the proposed AFM-PUND approach should be further studied for obtaining accurate polarization value. We also note that slightly asymmetric polarization charge densities might originate from the asymmetric current in Figures 4(d,e) related to the asymmetric junction properties of top (i.e., AFM tip) and bottom electrodes with the ferroelectric thin film. Nevertheless, we successfully measured the polarization charge in the ferroelectric thin film at the nanoscale level. Consequently, these results could provide new insight for the exploration of ferroelectricity at the nanoscale level, and may contribute to the resolution of complicated issues pertaining to the interpretation of the PFM hysteresis loop.
In conclusion, in this study, we clearly showed that direct probing of the polarization charge is possible at the nanoscale level using the proposed AFM-PUND method. In the ferroelectric nanocapacitor sample, we observed current peaks in the I-V curves and verified that they originated from the ferroelectric polarization switching. Then, based on the measured switching current and the switched area, using the combination of the proposed AFM-PUND method and the conventional PFM, we successfully calculated the polarization charge density, which is within the reasonable range when compared to the macroscopic one in the nanocapacitor. Finally, we showed that the polarization charge can also be measured even in the ferroelectric thin film by confining and increasing the switched area using prepoling and the pure Pt tip with a relatively large radius, respectively. To the best of our knowledge, our finding is the first to show that nanoscale-level polarization charge measurements are possible using conventional CAFM and PFM set-ups. Consequently, it is a very powerful and simple way of studying the presence of ferroelectricity at the nanoscale level.
Experimental Section
Ferroelectric nanocapacitor: An epitaxial BFO thin film with a thickness of 90 nm was grown on a 75-nm thick SrRuO 3 (SRO) bottom electrode deposited on a (001) oriented SrTiO 3 (STO) substrate by pulsed laser deposition (PLD). Ultrathin anodic aluminum oxide (AAO) shadow masks were prepared by anodization of aluminum and placed on the BFO thin film.
Then, 25-nm thick Pt top electrodes were deposited through the AAO shadow mask by electron-beam evaporation. Finally, film-type Pt/BFO/SRO nanocapacitors with a radius of around 190 nm were obtained by removing the AAO mask. Details of the fabrication conditions can be found elsewhere [26, 48] .
Ferroelectric thin film: An epitaxial PZT film (150 nm in thickness) was grown on a single crystal of (001) 0.5% Nb-doped STO conducting substrate using PLD. Growth of the film was conducted at 625°C in an oxygen partial pressure of 100 mTorr. The laser fluence and repetition rate were fixed at 1.0 J/cm 2 and 5 Hz, respectively. After completing the PZT deposition, the sample was cooled to room temperature in the PLD chamber for ~1 h under an oxygen partial pressure of 100 Torr. Details on the thin film growth can be found elsewhere. [47] AFM measurements: AFM measurements were carried out using commercial systems switching, which is indicated by the straight vertical lines of the amplitude and the phase difference of 180°, respectively [1] . In the PFM hysteresis loop in Figure S1 (e), even though each of the nanocapacitors shows locally different switching properties, the clear shape of PFM hysteresis loops was observed for each case based on the polarization switching. As shown in Figure S2(a) , most of the area shows an upward polarization under an applied dc each parameter can be found elsewhere [2] . The solid black lines represent the same nanocapacitor in both of the PFM and BEPS images from Figures 1(c) and (d) , respectively.
The dark-brown colored region in Figures S3(e) and (f) represent the non-switched region.
The scale bar represents 320 nm.
To further examine the local switching characteristics of each nanocapacitor, we observed BEPS spatial maps, which can be extracted from the phenomenological fitting of the PFM hysteresis loop at each grid point, as shown in Figure S3 [3]
. We observe that nanocapacitors generally show large positive ( Figure S3 As shown in Figure S4 , we analyzed the spatial I-V characteristics by observing spatial images of the area of the current bump (A bump ), the maximum current of the current bump (I bump,max ), and the current peak voltage (V peak ), as schematically presented in Figure   S4 nanocapacitor. This can be explained by the fact that the ferroelectric switching is also different from each nanocapacitor, as previously reported [1] and shown in Figure S1 . However, the observed spatial maps show nearly the same contrast inside the nanocapacitors, confirming that the I-V measurements were reliably performed within the nanocapacitors. In order to confirm that the current peak voltage, i.e., V peak , corresponds to the coercive voltage of polarization switching, we compared spatial maps of the current peak and coercive voltages, as seen in Figure S5 , using the same color scale. Although the spatial map of the coercive voltage in Figure S5 Further studies may be necessary to clearly find quantitative spatial correlation between global switching current peak and local coercive voltage. Figure S9 (a), we applied a modified AFM-PUND waveform to measure the switching current. In principle, the switching current should not be generated in the second current measurement step (U and D) if there is no further switching. If the switched area can be confined within a specific area, i.e., the capacitor boundary, only one pre-poling procedure is sufficient to properly measure the polarization charge. However, if the switched area is not confined within a specific area, the switching current can even be measured at the U and D steps. In the case of the thin film, there is no capacitor boundary that acts as a barrier for the domain wall motion. Thus, whenever a voltage is applied to the sample, the switched area can be increased. Therefore, the switching current was even measured at the U and D steps ( Figure S9 (d) and S9(e)).
Indeed, the increased switched area at the U step was observed in Figure S10 . Further, the switched area should be confined in order to obtain accurate AFM-PUND measurements, and 37 a background procedure is therefore required prior to the application of the AFM-PUND waveform for the thin film to confine the switched area. Generally, in the case of the capacitor, the switched area is confined by the capacitor boundary. However, in the case of the nanocapacitor, the switched area can be further extended beyond the boundary of capacitor if a relatively high voltage is applied to the capacitor [4] . To confirm this, we applied PU and ND waveforms with magnitudes up to a maximum of 4 V and down to a minimum of -4 V, respectively. As expected, the switched area is extended toward the outside of the target nanocapacitor. Based on the measured switching current in Figure S12 , we calculated the polarization charge density to confirm whether it is within the acceptable range, despite having a large switching area beyond the capacitor boundary. The constructed P-E hysteresis loops are shown in Figure S13 (b). When we consider only the top electrode area of the nanocapacitor as a switched area, the remnant polarization charge density was calculated as 200-250 μC/cm 2 (red colored curve in Figure S13(b) ). However, this value is much higher than those obtained in previous studies. When the actual switched area measured by PFM was used to calculate the polarization charge density instead of the nanocapacitor area (see PFM images in Figure   S12 ), it then falls within the reasonable range, i.e., around ±70 μC/cm 2 . In other words, even if the actual switched area is much larger than the area of the top electrode, the calculated polarization charge density can be within the acceptable range based on the measurement of the actual switched area. However, in this case, note that the obtained polarization charge 
